Abstract:
Introduction
In situ gelling hydrogels have many potential applications in biomedicine and pharmacy [1, 2] . These aqueous systems are reversible polymer networks formed by physical interactions, which can exhibit sol-gel or gel-sol transitions in response to external stimuli. As liquids, they can be injected in a minimally invasive manner, then gel is formed by ionic crosslinking [3] , pH [4] , or temperature [5] changes. Hydrogels can be tailored by altering the cross-link density, the pore size, degradability, stiffness, and other parameters to achieve the required properties [6] .
The synthesis of macromolecules able to give thermoreversible hydrogels has attracted much attention due to their potential applications in tissue engineering [7] and drug delivery [8, 9] . Their aqueous solutions are liquid at ambient temperature and can undergo in situ gelation under physiological conditions. Temperature change triggers their gelation.
Triblock copolymers of poly(propylene oxide) as a middle block and poly(ethylene oxide) as two side blocks are attractive candidates for the delivery of bioactive macromolecules [10] . However, their low mechanical strength and poor stability make their hydrogels inadequate for some applications.
Polyurethanes are typically obtained by the polyaddition of three monomers: a macrodiol, a diisocyanate and a chain extender. By changing their ratio, we can achieve a wide range of materials with varied characteristics [11] [12] [13] . Due to their excellent mechanical properties and biocompatibility, hydrogels based on polyurethane derivatives are appealing for biomedical applications [8, 14] . These materials can form strong hydrogen bonded structures, allowing linear polymer systems to be designed with tunable swelling and mechanical properties [7, 15] .
The present study focuses on the synthesis and thermoreversible sol-gel transition of polyurethane derivatives based on poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer, succinic or citric acid, and ethyl ester L-lysine diisocyanate. Thermoreversible hydrogel formation was studied through rheological measurements. Near the gelation 
Experimental procedure

Materials
Pluronic P123, a triblock copolymer with the formula PEO 20 -b-PPO 70 -b-PEO 20 (PEO is polyethylene oxide and PPO is polypropylene oxide) and M n of ca. 5800 Da, was purchased from Sigma-Aldrich and used as received. Citric and succinic acids were purchased from Aldrich. Ethyl ester L-lysine diisocyanate (LDI) was supplied by Infine Chemicals, China.
Synthesis
The polyurethanes were prepared by a two-step process:
i) 1 mole of Pluronic P123 was condensed with 0.5 mol of succinic or citric acid at 1-2 mmHg and 120-150°C for 4 h. Water was eliminated, generating two adducts (Suc-Ad and Cit-Ad) with the general structure HO-PEO-PPO-PEO-OOC-R 1 (R 2 )-COO-PEO-PPO-PEO-OH, (-R 1 or R 2 is a succinic or citric acid radical).
ii) to 23.4 g Suc-Ad or 23.5 g Cit-Ad, 0.4 g LDI was added and the reaction mixture stirred for 4 h at 80°C under nitrogen.
PU-Suc is the polyurethane with succinic acid and PU-Cit is the polyurethane with citric acid. Their structures are illustrated in Fig. 1. 
Characterization
Fourier Transform Infrared (FTIR) spectroscopy
Functional groups were characterized by FTIR over 400-4000 cm -1 at 25°C on a Bruker Vertex 70 spectrometer (US), with a diamond crystal at 45°.
Gel permeation chromatography (GPC)
The average molecular weight and polydispersity were determined by gel permeation chromatography (GPC) at 25°C with a GPC PL-EMD 950 evaporative mass detector. Samples were eluted with DMF at 0.7 mL min −1 . Calibration was performed with narrow polydispersity polystyrene standards (Polymers Laboratories Ltd). Computer analysis of the elution data was based on chromatogram normalization.
Contact angle
Static contact angles were measured at room temperature by the sessile-drop method with a CAM-101 (KSV Instruments, Helsinki, Finland) contact angle measurement system equipped with a liquid dispenser, video camera, and drop-shape analysis software. Double distilled water, ethylene glycol, diiodomethane, 1-octanol, chlorobenzene and benzyl alcohol were used as solvents. For each liquid, three different surface regions were selected to obtain a statistical result.
Determination of critical micelle concentration
The critical micelle concentration (CMC) was determined from surface tension measurements of 0.1% polymer aqueous solutions at room temperature, using the Wilhelmy method and a Sigma 700 Tensiometer (KSV Instruments, Finland).
Rheological measurements
For rheological measurements, 20% polyurethane aqueous solutions were prepared and kept at 4°C. Steady shear and dynamic oscillatory investigations were carried out at 37°C with a Bohlin CVO rheometer equipped with a Peltier temperature controller. Measurements were performed with parallel-plate geometry; the upper plate radius was 30 mm (gap of 500 μm). The behaviour of the sample in temperature sweep tests was monitored from 0°C to 80°C. An anti-evaporation device was used. Prior to oscillatory measurements, amplitude sweeps were made at constant frequency (ω = 1 rad s -1 ) to establish the linear viscoelastic range (storage (G′) and loss (G″) moduli as well as loss tangent (tan δ) independent of strain amplitude). The linear viscoelastic regime was for shear stresses 0.02 to 7 Pa; the rheological parameters were gap-independent, suggesting that no slip phenomena occur [18] .
Results and discussion
Characterization of polyurethane hydrogels
The FTIR spectra present typical polyurethane bands (Table 1) : the υ(N-H) stretch at 3504 cm -1 , and 2970 cm -1 and 2870 cm -1 peaks from the ν(CH 2 ) asymmetric and symmetric stretch of the soft segment.
The peak at 1735 cm -1 is the carbonyl stretch ν(C=O) from the free ester and urethane.
The peak at 1455 cm -1 is the δ(CH 2 ) and δ(CH 3 ) deformation. Those at 1373 and 1348 cm -1 are the CH 2 wagging (ω(CH 2 )) and twisting (τ(CH 2 )). At 1250 cm -1 is δ(NH), which overlaps with the ν(CN) stretch. The intense 1110 cm -1 peak is the C-C(C=O)-O ester stretch overlapping the aliphatic ether C-O stretch.
Although the two polyurethane structures differ, no major changes appear in the FTIR spectra. Their differences can be better highlighted by deconvolution of the 1775 -1686 cm -1 carbonyl bands using Gauss' method (Fig. 2) .
The deconvolutions give peaks varying in height, wavenumber, and wavelength due to the different ester and urethane structures [19] .
The average molecular weight (M w ), the number average molecular weight (M n ), and molecular weight distribution (M w /M n ) were determined by GPC ( Table 2 ). The M n was around 17,000 Da, and the M w was ~20,000 Da. Polydispersity (M w /M n ) was 1.11-1.12.
Contact angle and surface free energy
The surface energy of the films was calculated using the Young equation:
( 1) where γ SV is the surface energy, γ SL is the solid -drop interfacial tension, γ LV is the liquid-vapor surface tension, and cos θ is the drop -surface contact angle [20] [21] [22] . The surface tensions (γ SV , γ SL ) can be divided into two components: a polar component (γ The molecular characteristic of the polyurethane derivatives.
induced dipole), and a dispersive component (γ (5) were W a is the work of adhesion.
Solid surface thermodynamics can be examined by contact angle measurements, which yield parameters characterizing the surface and its adsorption capacity. These values are illustrated in Table 3 . The work of adhesion reflects the wettability of the surface.
The polyurethane -succinic acid has a water contact angle less than the polyurethane -citric acid (42.39° vs. 49.78°), meaning it is slightly more hydrophilic. The higher water adhesion work for the succinic acid-containing polymer indicates that succinate in the side chain increases the capacity to form ordered polymer structures. Because of the succinate or citrate the surface macromolecules can change their local conformation adapting to the environment [27] . The critical surface tension (γ c ) of the polyurethane surfaces was calculated using the Zisman method [21, 22, 25] by extrapolation to cos θ = 1, when the liquid wet the surface perfectly. The critical surface tension (γ c ) defines the wettability of a solid by noting the lowest surface tension at which a liquid can exhibit a contact angle greater than zero on that solid [28] . PU-Suc has a critical surface tension of 11.36 mN m -1 ; that of PU-Cit is almost twice as high (Table 3) .
Hydrophobic and hydrophilic interactions play an important role in the surface chemistry and biochemistry of the polymers and biological molecules such as proteins and cellular membranes [26] . These values of surface tension and the literature data [29, 30] , explain why these materials are generally recommended in biomedical applications.
Critical micelle concentration
The critical micelle concentration (CMC) can be determined by surface tension measurements. Like surfactants, these polymers exhibit a typical surface tension vs. concentration curve. Before reaching the CMC, the surface tension changes substantially with polymer concentration [31] . After reaching the CMC, the surface tension remains relatively constant or changes with a lower slope. Fig. 3 shows plots of surface tension vs. polymer concentration. The CMC was determined from the intersection of the two lines fitted to the data points.
CMC values were 6.24×10 -7 M and 1.16×10 -6 M for PU-Suc and PU-Cit, respectively (Table 2) . Both are lower than the CMC of Pluronic (4.4×10 -6 M) [32] . Thus, the succinate and citrate structures decrease the concentrations at which micelle formation begins.
Thermoreversible sol-gel transition of the PU samples
Rheology is the most convenient technique for studying gel properties [17, 33, 34] . The following rheological experiments were performed: (1) a strain sweep test at constant temperature and a frequency of 1 rad s -1 gave the linear viscoelastic range at different temperatures;
(2) temperature sweep tests at different heating rates and constant oscillation frequency (ω = 1 rad s -1 ) in the linear viscoelastic regime were used to determine the viscoelastic properties' evolution during gelation;
(3) a sample initially at 4°C underwent time sweep tests at constant temperature (37°C) and constant oscillation frequency (ω = 1 rad s -1 ) in the linear viscoelastic regime to determine the evolution of viscoelastic parameters under conditions near those of the human body.
The gelation point is one of the most important parameters, characterized by the appearance of a macromolecule with infinite molecular weight. Fig. 4 illustrates the evolution of the complex viscosity with temperature for two different heating rates: 0.5°C min -1 and 1°C min -1 (1 Pa, 1 rad s -1 ). For PU-Suc (Fig. 4a ) at a low heating rate (0.5°C min -1 ) the viscosity shows a sharp increase at the gelation point, reaches a maximum between 42°C and 50°C, decreases up to 70°C, then levels off.
PU-Cit shows sol-gel and gel-sol transitions at both 0.5°C min -1 and 1°C min -1 (Fig. 4b) , the gel domain being more extended at the lower heating rate. The heating rate influences the transition significantly. For a heating rate of 1°C min -1 the amplitude of the transition is very small. If the temperature ramp is slow enough, a sharp discontinuity in viscosity occurs at the gelation point, when the macromolecular chain has enough time to rearrange the balance between hydrophilic and hydrophobic interactions.
A clearer image of the kinetics of thermal-induced gelation is obtained by monitoring the changes in viscoelastic functions, i.e., the elastic (G′) and the viscous (G″) moduli and the loss tangent (tan δ) (Fig. 5) . At low temperatures, the PU-Suc presents liquidlike behaviour; G" > G' and tan δ is high. G′, G″ and tan δ change abruptly around the transition point (Fig. 5a ). The sharp discontinuity is due to the very fast response of the macromolecular chains to the thermal stimulus. Over a narrow temperature range G′ increases faster than G″; its value increases 5 orders of magnitude. For G″ the increase is smaller; only 3 orders of magnitude over the same temperature interval, where the loss tangent shows a minimum. A first crossover point (G′ = G″ and tan δ = 1) is observed at 41.8°C. Another crossover occurs around 62°C, when the gel ″melts″ with further temperature increase. This network is a weak gel, the minimum G″/G′ ratio being 0.4.
The temperature dependence of the viscoelastic parameters for PU-Cit is given in Fig. 5b . Two crossovers were also observed: the sol-gel transition around 44°C and the gel-sol transition around 60°C. Between these two temperatures, the viscoelastic moduli show an increase, but they have very similar values (G"/G' is aprox.1), behaviour which is typical of a critical gel. To obtain stronger gels, smaller heating rates should be applied.
A clear differentiation between the two polymers appears by monitoring the gelation at 37°C (Fig. 6 ). PUCit shows a well-defined sol-gel transition after 500 s, whereas PU-Suc has a complete transition only after 1600 s. This is due to the greater bulk of the citrate than succinate.
Conclusions
Polyurethane derivatives based on Pluronic P123 functionalized with succinic or citric acid and ethyl ester L-lysine diisocyanate were synthesized and characterized. Thermoreversible polyurethane based hydrogels with gelation points near body temperature were obtained and investigated through their rheological parameters. The succinate and citrate structures decrease the CMC compared to Pluronic P123. The hydrophobic/hydrophilic balance of the two polymers depends on the structure of the acid groups. The polyurethane derivatives can undergo sol-gel transitions in an aqueous environment, when the polymer chains are connected into networks by forces such as hydrogen bonds, electrostatic attraction, van der Waals forces, hydrophobic interactions, etc. The sol-gel transitions, gelation points, and the gel structure are influenced by the chemical structure, molecular weight, composition, polymer concentration, and heating rate. 
